Summary
Introduction
Purines, pyrimidines and related analogues and drugs are transported in both prokaryotic and eukaryotic cells through the action of specific plasma membrane transporters (De Koning and Diallinas, 2000; Pantazopoulou and Diallinas, 2007; Frillingos, 2012; Young et al., 2013; Girke et al., 2014) . In bacteria, fungi and plants, two families are highly specific for purines and pyrimidines. These are known as the NAT/NCS2 (nucleobase ascorbate transporters or nucleobase cation symporter family 2) and NCS1 (nucleobase cation symporter family 1) families. The NAT family is also present in metazoa, but in primates NAT members have evolved to become Lascorbate rather than nucleobase transporters Gournas et al., 2008; Frillingos, 2012; Alguel et al., 2016) . Fungal NCS1 transporters have been further classified, based on their primary amino acid sequences and specificity profiles into two structurally and functionally distinct subfamilies, the Fcylike and the Fur-like transporters (De Koning and Diallinas, 2000; Pantazopoulou and Diallinas, 2007) . A recent phylogenetic analysis has shown that Fur and Fcy, and their plant homologues, originate through independent horizontal transfers from prokaryotes, and that gene duplication has led to the multiplication and functional diversification of fungal NCS1 (Krypotou et al., 2015) .
Functionally characterised fungal Fur-like proteins are high-affinity H 1 symporters, specific for allantoin, uracil, uridine, thiamine, nicotinamide riboside and secondarily for uric acid and xanthine (Jund et al., 1988; Yoo et al., 1992; Enjo et al., 1997; Singleton, 1997; de Montigny et al., 1998; Vickers et al., 2000; Amillis et al., 2007; Belenky et al., 2008; Hamari et al., 2009; Krypotou et al., 2015) . Fungal Fcy-like transporters have an entirely different and nonoverlapping specificity profile from that of the Fur transporters, being high-affinity H symporters specific for cytosine, adenine, guanine, hypoxanthine or pyridoxine (Weber et al., 1990; Stolz and Vielreicher, 2003; Paluszynski et al., 2006; Vlanti and Diallinas, 2008; Krypotou et al., 2012) . Plant NCS1 transporters are more similar to fungal Fur sequences but show a specificity profile overlapping that of fungal Fcy and Fur proteins; they transport adenine, guanine, allantoin and uracil (Mourad et al., 2012; Schein et al., 2013; Witz et al., 2012; Minton et al., 2016; Rapp et al., 2016) . The two functionally known bacterial NCS1 transporters, CodB in Escherichia coli (Danielsen et al., 1992) and Mhp1 in Microbacterium liquefaciens (Weyand et al., 2008) , are specific for cytosine and benzyl-hydantoin, respectively. Crystal structures of Mhp1, caught in three different conformations, are available (Shimamura et al., 2010; Simmons et al., 2014) , making the NCS1 family an excellent candidate to determine how substrate binding and transport specificity is determined. Most of our knowledge on NCS1 transporter function and specificity comes from studies in the model ascomycete Aspergillus nidulans. Krypotou et al. (2015) have shown that the Fur subfamily, in addition to major transporters specific for uracil (FurD; Amillis et al., 2007) or allantoin (FurA; Hamari et al., 2009) , also includes a more promiscuous transporter specific for uric acid, allantoin and uracil (FurE), and three minor uracil transporters (FurC, FurE and FurF) , whereas one additional fur gene encodes an intrinsically unstable protein (FurB) . The identification of the function of FurE and all minor Fur transporters became possible only through their overexpression in a strain lacking all major nucleobase transporters, including deletions of FurD and FurA (Krypotou et al., 2015) . Earlier studies have revealed that one of the five Fcy-like proteins of A. nidulans, FcyB, encodes a major cytosine transporter, also capable to act as a secondary purine transporter (Vlanti and Diallinas, 2008) . True orthologues of FurA, FurD and FcyB have been characterized in Saccharomyces cerevisiae (Yoo et al., 1992; Jund et al., 1998) and the yeast pathogens Candida albicans (Hope et al., 2004; Goudela et al., 2006) and Candida lusitaniae (Gabriel et al., 2014) , and shown to contribute to sensitivity to antifungals (5-fluorocytosine) or cytotoxic drugs (5-fluorouracil).
From studies on fungal NCS1 transporters, but also from relevant work in plants, it has become apparent that substrate specificities within the NCS1 family cannot be predicted a priori based on primary sequence and phylogenetic analyses, due to both divergent and convergent evolutionary plasticity. In this article we present our efforts to functionally characterize the four orphan members of the Fcy subfamily in A. nidulans. By employing phylogenetics, phenotypic and functional analyses of null and overexpression mutants, we establish that FcyD is a novel, moderate-affinity, lowcapacity, specific adenine transporter. We also obtain evidence that FcyE is a guanine transporter. Rationally designed mutagenesis, homology modeling and substrate docking approaches in FcyD further established the critical role of specific residues in determining the substrate specificity in NCS1 transporters. Our study finally shows that two of the Fcy paralogues (FcyA and FcyC) are not related to transport of nucleobases or other established substrates of the NCS1 family, strengthening the idea that the specificity of NCS1 paralogues is significantly diversified during evolution.
Results

Phylogenetics of fungal Fcy proteins
Our primary goal was to identify the putative function of all orphan Fcy-like transporters in A. nidulans. We detected four previously uncharacterized Fcy-like sequences using as an in silico probe in standard blastp searches the FcyB protein sequence, which as described in the introduction is a well-characterized purine-cytosine/H 1 symporter (Vlanti and Diallinas, 2008; Krypotou et al., 2012) . The Fcy-like proteins share among themselves 29.3-37.0% amino acid sequence identities (Table S1 ). The four novel sequences were named FcyA (AN4526), FcyC (AN7967), FcyD (AN6783) and FcyE (AN1186) (see www.aspergillusgenome.org/). None of these putative transporters could, in principle, function as major or secondary nucleobase, nucleoside or allantoin transporters, as a multiply deleted strain, lacking all currently known relevant transporters (UapA, UapC, AzgA, FcyB, FurD, CntA and FurA), shows no measurable uptake rate for these solutes. FcyA-and FcyB-like proteins are conserved in all 23 Aspergilli with known genomic sequences, FcyE-and to a less degree FcyC-like proteins are present in most Aspergilli with some evolutionary losses and some divergence in FcyC-like sequences, whereas FcyD is only present in the closely related A. nidulans, Aspergillus sydowii and Aspergillus versicolor (Fig. S1 ).
In a previous phylogenetic analysis we showed that, within the NCS1 transporter family, the fungal Fcy and Fur subfamilies are well separated by long, highly supported branches, with prokaryotic sequences lying between these two groups (Krypotou et al., 2015) . This was also in line with an independent origin from prokaryotes. Here, we further investigated the evolution of the fungal Fcy subfamily. We extracted 102 sequences from the fungal Fcy clade and its nearest neighboring prokaryotic clade and constructed a protein tree. Based on the branching patterns in the tree, and the known substrate specificities of characterized transporters, we defined four subgroups, named according to the A. nidulans proteins, as AE, B, C and D (Figs. 1 and S2 ). The AE group includes the functionally characterized Tpn1p pyridoxine transporter from S. cerevisiae (Stolz et al., 2003) . The B group includes purine-cytosine transporters from A. nidulans (FcyB) and yeasts (Fcy2, Fcy21 and Fcy22; Goudela et al., 2006; Paluszynski et al., 2006) . Groups C and D have no members with characterized functions. All groups are present throughout Dikarya, despite some losses, and one of them (group B) is also present in the early diverging aquatic fungus Gonapodya prolifera (Fig. S2) . The presence of sequences from most dikaryal main groups in all clades supports their emergence by gene duplication in the protoDikaryon or earlier, followed by subsequent independent losses in specific lineages.
Null mutations of orphan fcy genes show no apparent associated phenotype
To investigate the function of the four orphan Fcy-like transporters we carried out genetic deletions of the relative genomic orfs using standard reverse genetic approaches (see 'Experimental procedures' section). Null mutants (DfcyA, DfcyC, DfcyD and DfcyE) were compared with isogenic wild-type and DfcyB strains for growth on purines as sole nitrogen sources or on toxic concentrations of nucleobase analogues (5-fluorocytosine, 5-fluorouracil or 5-fluorouridine, 8-azaguanine, oxypurinol or purine). For comparison we also included in the test a strain carrying total genetic deletions of all known nucleobase/nucleoside/allantoin transporters (furDD furAD fcyBD uapAD uapCD azgAD cntAD), known as D7. Figure 2A shows that all new null mutants grow similarly to the wild-type strains in all media tested, suggesting that the corresponding genes do not encode major or minor nucleobase/nucleoside/allantoin transporters. To further investigate whether the novel Fcys act as very low-capacity functional back-ups of FcyB, we constructed and analysed relevant double or triple deleted strains. DfcyB DfcyA, DfcyB DfcyC and DfcyB DfcyA DfcyE mutants grew similar to the isogenic DfcyB mutant, while DfcyA DfcyE scored as a wild type, in all media tested ( Fig. 2A, four lower panels) . Thus, the biochemical and physiological functions of the orphan Fcy paralogues remained elusive.
Overexpression of orphan fcy genes reveals that FcyD is a cryptic adenine transporter whereas FcyE contributes to 8-azaguanine sensitivity
The absence of mutant phenotype related to null fcy mutants prompted us to try to identify the possible transport function of these proteins by transcriptional overexpression by the gpdA strong promoter (Punt et al., 1990) . Expression was carried out in the D7 mutant strain, which lacks all transporters specific for nucleobases/nucleosides/allantoin and, thus, permits the direct assessment of cryptic, very low transport activities related to these solutes (Krypotou and Diallinas, 2014) . Figure 2B shows a growth test on purines as sole nitrogen sources or on toxic concentrations of nucleobase analogues (5-fluorocytosine, 5-fluorouracil, 8-azaguanine or 5-fluorouridine) of strains over-expressing FcyA, FcyB, FcyC, FcyD and FcyE (for details on strain construction see 'Experimental procedures' section), which can be compared with isogenic controls. Strains overexpressing FcyA and FcyC showed growth phenotypes similar to D7 (for comparison see Fig. 2A ). In contrast, overexpression of FcyD and FcyE conferred strong growth on adenine or increased sensitivity to 8-azaguanine, respectively. This result classifies FcyD and FcyE as putative cryptic transporters specific for adenine and guanine, respectively.
Transport kinetics show that FcyD is a moderate-affinity, low-capacity, adenine transporter
We further characterized the biochemical function of FcyD by performing direct adenine or uracil uptake measurements, as described in Krypotou et al. (2014) . Figure 3A shows that FcyD-mediated uptake of radiolabelled adenine is time dependent. Interestingly, a time- dependence continuous increase in adenine accumulation extends to nearly 20 min, unlike what has been observed for most other A. nidulans transporters studied so far, the transport rate of which reaches a plateau at 2 min. No FcyD-mediated uracil (Fig. 3A) or xanthine uptake was detected for the same time period. The estimated K m for adenine is 131 lM (insert in Fig. 3A ).
We further tested the specificity profile of FcyD by adenine competition assays in the presence of excess unlabeled purines or pyrimidines, as described in Krypotou et al. (2014) . Figure 3B shows that FcyD is highly specific for adenine as no other purine or pyrimidine competed significantly with radiolabeled adenine uptake. Some competition (70% uptake of radiolabeled adenine remaining) was observed with 2000-fold excess of hypoxanthine, xanthine or cytosine. Figure 3B also shows that FcyD-mediated adenine uptake is H 1 -gradient dependent as it was significantly inhibited by CCCP. These results confirmed that FcyD is a moderateaffinity, low-transport capacity, highly specific adenine/ H 1 symporter.
Expression of FcyD is undetectable under all conditions tested
To identify physiological conditions under which the fcyD gene might be expressed from its endogenous promoter, we performed a relevant Northern blot analysis using RNA extracted from wild-type mycelium grown under different physiological conditions (nitrogen source, nitrogen starvation, presence of adenine) or from conidiospores obtained at different phases of germination. However, we could not detect any signal corresponding to FcyD gene expression in any sample tested. This result is partly in line with relative transcriptomic analyses, showing that fcyD expression is very low in several conditions tested (complete or minimal media, nitrate or ammonium as nitrogen source, or C or N starvation). Transcriptomics also showed no expression of FcyE. In contrast, FcyA is well expressed under all conditions tested and FcyC is induced only under starvation conditions (data not shown and http://www. aspgd.org/). The significance of these observations is discussed later. We also tested whether fcyD is specifically expressed in asexually or sexually differentiated cells. A strain expressing fcyD from its native promoter and Cterminally tagged with the gfp orf was constructed as described in Experimental procedures. In vivo epifluorescent microscopy showed that FcyD-GFP could not be detected either in conidiophores, metulae, phialidiae or in resting conidiospores (asexual structures), H€ ulle cells, asci or ascospores (sexual structures) (results not shown). To test whether the absence of a fluorescent GFP signal was not due to instability or high turnover of the FcyD-GFP chimeric protein, we also expressed the FcyD-GFP chimeric construct from the gpdA p strong promoter (see 'Experimental procedures' section). Figure 3C (left panel) shows that FcyD-GFP labels the periphery of hyphal cells, as expected for a stable plasma membrane transporter, suggesting that absence of fluorescence when using the fcyD native promoter reflects the lack of sufficient transcription. Additionally, we tested whether FcyD is endocytosed and degraded in vacuoles upon the addition of ammonium or excess substrate (adenine), two standard conditions that affect nucleobase transporter turnover. Figure 3C (middle and right panels) shows that ammonium and to a less extend adenine lead to some internalization and vacuolar turnover of FcyD.
Rational mutational analysis identifies residues critical for function and specificity in FcyD
Functional characterization, mutational analysis, homology modelling and substrate docking approaches have previously identified a number of residues as putative elements of the substrate binding site in FcyB. A number of these residues were shown to be critical for substrate specificity. Comparing FcyD, which is shown herein to be highly specific for adenine, to the rather promiscuous purine-cytosine transporter FcyB, we identified specific amino acid residues differences in TMS3 and TMS8 (Fig. S3) , two helices that form a part of the substrate binding cavity, which might account for the different specificity and transport kinetic profile of the two transporters. In particular, Trp159 and Asn163 (TMS3), which are critical for the transport, and Asn351, Pro353 and Asn354 (TMS8), which affect specificity, in FcyB (Krypotou et al., 2012) , are 'replaced' by Phe167 and Ser171 (TMS3) or Leu356, Ala358 and Ser359 (TMS8), respectively, in FcyD. Accordingly, we constructed the following mutations in FcyD mimicking FcyB: F167W, S171N, L356N, A358P, S359N, L356N/A358P, L356N/ S359N, A358P/S359N and L356N/A358P/S359N. All fcyD alleles, expressed from the gpdA p promoter, were introduced to a strain lacking all transporters involved in nucleobase-related transport (D7) as previously described (Krypotou et al., 2015) and transformants arising from plasmid single copy integration events (see 'Experimental procedures' section) were analyzed by growth tests and uptake assays. Figure 4A shows that most single mutations made, except L356N, diminished (S171N, A358P and S359N) or abolished (F167W) the rate of apparent FcyDmediated adenine uptake, as judged by the reduced growth rate of the corresponding mutants on adenine. In contrast, mutant L356N grew very well on adenine. Double and triple mutants showed mostly diminished (L356N/S359N) or abolished (L356N/A358P, A358P/ S359N and L356N/A358P/S359N) apparent adenine transport uptake rate. Importantly, mutations L356N, S359N, L356N/S359N, and to a less degree S171N and A358P/S359N, conferred increased sensitivity to 5-FU compared to the control wild-type FcyD strain. Finally, mutant S359N also showed increased sensitivity to 5-FC and 8-azaguanine, and significant growth on xanthine. The effect of FcyD mutations was further confirmed by direct uptake assays with radiolabelled adenine. Figure 4B shows that most mutations reduced the uptake rate of FcyD for adenine uptake, whereas L356N increased the apparent transport activity of FcyD (156% of the wild-type rate). Despite the fact that L356N, S359N and L356N/S359N showed significant sensitivity to 5-FU in growth tests, these mutants did not show significant uracil uptake in transport assays, although there is some evidence for relatively increased uptake, especially in S359N, when compared to wildtype FcyD. As it will be shown later (see Fig. 5C ), excess uracil competes with radiolabelled adenine uptake in S359N but not in L356N. These results suggested that the affinity for uracil or/and 5-FU for L356N might be very low (>1 mM), whereas S359N can act as a moderate affinity and transport rate uracil transporter. Overall, our results suggested that residues Phe167, Ser171 and Ala358 are critical for transport activity, Leu356 seems to affect transport kinetics (V m and K m values), whereas Ser359 is important for determining substrate specificity.
We constructed GFP-tagged versions of all fcyD alleles in order to test whether in cases of reduced apparent transport this is due to protein instability, reduced traffic to the plasma membrane or high turnover, or whether relative mutations have indeed affected transport function per se. Epifluorescence microscopy in Fig. 4C shows that all FcyD-GFP mutant versions, except the triple mutant L356N/A358P/S359N which shows no fluorescent signal (not shown), are properly localized in the plasma membrane, strongly suggesting that the relevant mutations affect transport function rather than protein folding and/or turnover. We also took advantage of the GFP tag to perform a western blot analysis for quantifying the protein levels of FcyD-GFP mutants (Fig. 4D) . This showed that mutant FcyD protein steady state levels were not affected, except in the triple mutant L356N/A358P/S359N where the FcyD protein could not be detected, confirming that the mutations analysed do not affect the folding and/or turnover of the transporter.
Kinetic analysis of functional mutants L356N and S359N
We subsequently analysed further the transport kinetics and specificity profiles of mutants L356N and S359N, which conserved sufficient adenine transport activity for this analysis. Although mutant S359N also exhibits apparent xanthine uptake, as supported by growth tests shown in Fig. 4 , we could not perform a kinetic analysis of xanthine uptake because the rate or accumulation of radiolabeled xanthine measured was too low for drawing rigorous conclusions (results not shown). Figure 5A shows a time course of uptake, which demonstrates that adenine uptake in both mutants is rather slow, increasing continuously for at least up to 10 min, similarly to wild-type FcyD-mediated transport (compare to Fig. 3A) . We measured the affinity constants of the L356N and S359N mutants for adenine (Fig. 5B) , as described in Krypotou et al. (2015) . Mutation L356N increased 7.5-fold the affinity for adenine (K m 22 lM), which might justify the increase in transport rate and growth on adenine as a nitrogen source (see Fig. 4A and B) . In contrast, mutation S359N reduced 6.5-fold the affinity for adenine (K m 1000 lM), which also seems to account for the reduced uptake rate and growth on adenine ( Fig. 4A  and B) . We also performed relative competition assays of radiolabeled adenine transport in L356N or S359N in the presence of excess nucleobases (Fig. 5C ). L356N was shown to remain specific for adenine (full competition by excess cold adenine), but also exhibiting some apparently low affinity binding (K i 1 mM) of guanine (55% competition) or hypoxanthine (22% competition). S359N-mediated radiolabelled adenine uptake was also fully inhibited by excess cold adenine, but also showed a more promiscuous substrate recognition profile as revealed by significant inhibition by pyrimidines (K i 1 mM). Inhibition of S359N-mediated adenine uptake by pyrimidines was in good agreement with growth tests showing increased sensitivity to 5-FC or 5-FU (see Fig. 4A ). On the other hand, the lack of significant inhibition of S359N-mediated adenine uptake by xanthine, contrasts the ability of this mutant to mediate growth on xanthine (Fig. 4A) , suggesting that this purine is recognized with very low affinity or through a binding site other than that of adenine. Finally, Fig. 5C also shows that in the presence of the proton uncoupler CCCP, adenine transport is inhibited in both mutants, similarly to the wild-type (see Fig. 3C ), although in mutant S359N the inhibition was somehow less efficient. These results suggest that wild-type and the analysed mutants of FcyD function as H 1 /adenine symporters.
This was further supported by experiments measuring adenine uptake rates at a range of pH values (4.5, 6.8 and 8.5), which showed that adenine uptake rates was relatively increased at the lowest pH, where the H 1 gradient is higher (results not shown), a standard picture obtained for several H 1 symporters studied in our lab
(Meintanis et al., 2000 and unpublished observations).
Homology modelling and substrate docking shows that Ser359 is a major residue interacting with substrates
We constructed a structural model of FcyD based on the previously made model of FcyB, which was itself produced using as a template the crystal structure of the occluded Mhp1 benzyl-hydantoin permease from M. liquefaciens (PDB entry: 2JLO). FcyD and FcyB share sufficient sequence similarity to sustain a solid homology model of FcyD (34% identity). The final sequence alignment used to build the FcyD model is shown in Fig.  S4 . The 3D structural model of FcyD is shown in Fig.  S5 . The model also shows the approximate adenine binding site, highlighting residues of the substrate binding site analysed genetically herein (see later). The overall topology of FcyD is similar to the previously published FcyB model (Krypotou et al., 2012) or other NCS1 transporters (Krypotou et al., 2105) , consisting of two distinct domains, a compact core made of segments TMS1-10 and a C-terminal domain comprising TMS11-12. The core domain is made of the TMS1-5 and TMS6-10 inverted repeats, which are completely intertwined giving two topologically distinct subdomains made by TMSs 1, 2, 6 and 7 (bundle motif) and TMSs 3, 4, 8 and 9 (hash motif), respectively, linked with helices TMS5 and TMS10. The substrate-binding site is located in the space between the two subdomains of the core.
Using this model, we addressed aspects of substrate recognition using induced fit docking (IFD) calculations (for details see 'Experimental procedures' section). Figure 6A shows the interaction of FcyD with adenine through three apparently strong H bond interactions with the side chain of Ser359 and the backbone of Gly354 and Gly267. Furthermore, adenine is stabilized with p-p stacking interaction with Phe167 (Fig. 6A) . No direct contact is observed with Ser171, Leu356 or Pro358, but these residues are close proximity with adenine and adenineinteracting residues so that their replacements with other amino acids are expected to affect function, as our mutational analysis showed. In particular, the L356N substitution stabilizes a hydrogen bond network among Ser359-Ans356-Asn355 (TMS8) and Ser171 (TMS3), similar to the one present on FcyB (Asn354-Asn350-Asn351-Asn163) (Krypotou et al., 2012) , an observation that can well explain the reduced K m for adenine (Fig.  S6) . Meanwhile, xanthine (Fig. 6B) shares a similar but not identical orientation in the binding pocket, interacting principally with Ser359 and the backbone of Gly354, but not with Gly267. Importantly however, xanthine also interacts strongly with the side chain of Asn90, which could trap and prevent further movement of this purine along the trajectory (Fig. 6C) . Noticeably, excess xanthine competes very weakly with adenine uptake (see Fig. 3B ) which suggests that xanthine and adenine translocation trajectories are only partially overlapping. In the S359N mutant, xanthine does not any more interact with Asn90 (Fig. 6D) , which might account for its transport, albeit with very low-affinity and without coupling with the H 1 gradient, as our results supported.
Discussion
We have previously functionally characterized all major and secondary nucleobase/nucleoside transporters of A. nidulans. These belong to three structurally, functionally and evolutionary distinct protein families; the NAT (UapA, UapC and AzgA), NCS1 (FurD, FurA and FcyB) and CNT (CntA). The NCS1 family however contained 10 more paralogous proteins, classified in the Fur and Fcy subfamilies (Krypotou et al., 2015) . We have recently characterized all six Fur paralogues and thus identified a cryptic uric acid/uracil/allantoin transporter (FurE), three very minor uracil/5-FU transporters (FurC, FurF and FurG) , and a so-called proto/neo-pseudogene, encoding a polypeptide with intrinsic instability (FurB) (Krypotou et al., 2015) . In the present work we characterised all remaining Fcy paralogues and showed that, when overexpressed, FcyD functions as a moderateaffinity adenine-specific H 1 symporter, whereas FcyE is very probably a guanine specific transporter, as judged by its contribution to 8-azaguanine sensitivity. Unfortunately we could not characterize further FcyE due to its very low activity. Thus, this study completes the characterization of all major, secondary, minor, cryptic or putative transporters related to nucleobase/nucleoside/ allantoin in A. nidulans. To our knowledge, this a unique case for any organism, making A. nidulans an ideal system to functionally express and characterise any homologous or analogous nucleobase/nucleoside transporter from other fungi, including pathogens, and possibly other eukaryotes. The two previously orphan Fcy transporters that were biochemically and/or physiologically characterized herein as adenine (FcyD) or guanine (FcyE) transporters can be classified as cryptic transporters. This is based on the fact that they are not transcribed under standard laboratory or transcriptomics conditions, and additionally their genetic deletion is not associated with any phenotype. Furthermore, FcyD is very poorly conserved in Aspergilli. Thus, all evidence suggests that they are minor nucleobase-related transporters, which are expressed solely under specific conditions in the fungal natural habitat. On the other hand, FcyA and FcyC are well transcribed, the former under most conditions tested and the latter under N starvation conditions. In addition, these transporters are highly conserved in all Aspergilli. However, none of the two contributes to nucleobase/nucleoside/allantoin transport, strongly suggesting that they are specific for other solutes. This assumption is further supported, at least for FcyA, by the observation that this transporter has some major amino acid differences in critical residues in the presumed binding site of Fcys (e.g., a Thr instead of Asn found in FcyB and FcyE or Leu in FcyD in TMS8). We searched whether fcy genes are part of recognizable clusters, which might have been revealing for possible substrates, but Fcy neighbouring genes could not provide us with any clue.
Our study sheds further light in the molecular evolution of substrate specificity within the NCS1 family. We have previously identified, through a combination of genetic, biochemical and in silico analyses, a small number of amino acid residues that are critical for the selection, binding and transport or purines and/or pyrimidines by the major FcyB, FurD and FurE transporters. FcyB and FcyD share significant similarity (34% identity) but a major difference in respect to specificity: FcyB is a promiscuous transporter recognizing all purines, cytosine and several nucleobase analogues with high affinity, whereas FcyD is a moderate-affinity, highly specific adenine transporter. Thus, we seek to identify residues responsible for the kinetic and specificity differences in FcyB versus FcyD. Based on the structure-function Cryptic purine transporters in A. nidulans 327 analysis of analysis of FcyB, we designed and studied mutations in FcyD that introduced functionally critical residues present in FcyB. We thus showed that two rather variably conserved residues (Leu356 and Ser359) in transmembrane segment 8 (TMS8) are critical for transport kinetics and specificity, respectively, as expected for major residues of the substrate binding site. In particular, mutation L356N increases 7.5-fold the affinity and 2-fold the uptake rate of transporter for adenine, and also leads to low-affinity (K i 1 mM) recognition of guanine or hypoxanthine. Mutation S359N reduces significantly the affinity (6.5-fold) and transport uptake rate (20% of the wild type) for adenine, but drastically enlarges its specificity, so that FcyD can now transport or bind xanthine, 5-FU, 5-FC, 8-azaguanine and pyrimidines. Importantly, FcyB mutations replacing the native N354 (equivalent to S359 in FcyD) with Ala, restricts the specificity of FcyB to adenine (Krypotou et al., 2012) . It is thus apparent that the presence of a specific Asn residue in TMS8 of Fcy-like transporters constitutes a critical evolutionary element for 'making' a promiscuous purine-pyrimidine transporter, whereas the absence of this Asn leads to increased specificity towards amino-purines.
FcyD-substrate docking models presented herein support a direct interaction of Ser359 with adenine and a critical indirect role of Leu356 in determining the affinity for adenine, through modification of architecture of the binding site. The direct role of S359N in specificity is also supported the recently revised model of Mhp1 mechanism of transport (Simmons et al., 2014) , where an Asn residue corresponding to Ser359 of FcyD, has been shown to be the major element in direct substrate binding and transport. Interestingly, the double L356N/ S359N mutant proved to have very low transport activity, suggesting that the FcyD protein cannot to sustain the simultaneous presence of the two Asn in TMS8, as in FcyB, its orthologous transporters in yeasts (Fcy2 and Fcy21) and Mhp1 (Krypotou et al., 2012) . Similarly, FcyD could not afford a Trp residue at position 167 respectively, present in FcyB/Fcy2/Fcy21 and Mhp1. In these cases, it seems that other mutations might be needed to be introduced during evolution to 'recover' transport activity via conformational epistasis (Ortlund et al., 2007) .
Unlike wild-type FcyD or any other Fcy-like transporter, mutant S359N also transports xanthine, despite the observation that excess cold xanthine did not compete with adenine transport. Docking studies revealed xanthine binds at similar but not identical residues in wild-type FcyD and FcyD-S359N, which might account for the observed substrate or transport differences exhibited by these proteins. This might suggest that xanthine and adenine follow partially distinct translocation trajectories of translocation in FcyD-S359N.
Experimental procedures
Sequence data/identification and phylogenetic analysis This was essentially as described for members of the NCS1 family in Krypotou et al. (2015) . In this study, we focused on the analysis of Fcy sequences using a reduced species sampling, we selected 81 species, covering all fungal taxonomic ranges available (61 genomes), 4 plant genomes, 20 bacterial genomes and the Mhp1 sequence from M. liquefaciens as the only member of the superfamily with a solved structure.
Media, strains, genetic techniques, growth conditions and A. nidulans transformation Standard complete and minimal media (MM) for A. nidulans were used. Media and supplemented auxotrophies were at the concentrations given in http://www.fgsc.net. Nitrogen sources and analogues were used at the final concentrations: urea 5 mM, NaNO 3 10 mM, purines 0.5 mM, xanthine (XA) 1 mM, 5-fluorouracil (5-FU) 100 lM, 5-fluorouridine (5-FUd) 10 lM, 5-fluorocytosine (5-FC) 50 lM, 8-azaguanine (8-AZG) 0.5 mM and oxypurinol (OX) 100 lM. Escherichia coli was grown on Luria-Bertani medium. Media and chemical reagents were obtained from Sigma-Aldrich (Life Science Chemilab SA, Hellas) or AppliChem (Bioline Scientific SA, Hellas). Derivatives of mutant strains were made with standard genetic crossing using auxotrophic markers for heterokaryon establishment. Double or triple Dfcy strains were identified by relevant PCR. A. nidulans transformation was performed as described previously (Koukaki et al., 2003) . A DfurD::riboB DfurA::riboB DfcyB::argB DazgA DuapA DuapC::AfpyrG DcntA::riboB pabaA1 pantoB100 mutant strain, named D7, was the recipient strain in transformations with plasmids carrying fcy genes or fcyD alleles (Krypotou and Diallinas, 2014) . D7 lacks, due to genetic deletions, all genes encoding major transporters for purines, pyrimidines and nucleosides. Selection was based on complementation of pantothenic acid auxotrophy pantoB100. Transformants expressing intact fcyD or fcyD-gfp alleles, through single-copy plasmid integration events, were identified by PCR and Southern analysis. A transformant obtained with an empty vector pantoB and a pabaA1 strain were used as negative and positive controls, respectively, in respect of nucleobase/nucleoside/allantoin transport. An nkuA DNA helicase deficient strain (TNO2A3, TNO2A7; Nayak et al., 2006) was the recipient strain for generating 'in locus' integrations of tagged gene fusions, or gene deletions by the A. fumigatus markers orotidine-5 0 -phosphate-decarboxylase (AFpyrG and Afu2g0836), or the protein required for biosynthesis of pyridoxine (AFpyroA and Afu5g08090), resulting in complementation of auxotrophies for uracil/uridine (pyrG89), or pyridoxine (pyroA4) respectively. Growth tests were performed at 25 or 378C, at pH 6.8.
Standard nucleic acid manipulations and plasmid constructions
Genomic DNA extraction from A. nidulans was as described in http://www.fgsc.net. Plasmid preparation from E. coli strains and DNA bands were purified from agarose gels were done with the Nucleospin Plasmid kit and the Nucleospin ExtractII kit according to the manufacturer's instructions (Macherey-Nagel, Lab Supplies Scientific SA, Hellas). Southern blot analysis was performed as described in Sambrook et al. (1989) The vector used for overexpressing fcy and fcyD alleles is a modified pGEM-T-easy vector carrying the gpdA promoter (1000 bp), the trpC 3 0 termination region, and the pantoB gene (Krypotou et al., 2015) . The fcy ORFs were obtained from wild-type genomic DNA by PCR using appropriate primers were cloned at the SpeI-NotI sites of the vector (primer pairs 1-2, 3-4, 11-12, 13-14 and 15-16) . For the overexpressed fcyD-gfp constructions, the relevant ORF lacking the translation stop codon was cloned together with gfp on the above vector (primer pairs 13-17 and 18-19) . Mutations were constructed by sitedirected mutagenesis (primers 26-43) according to the instructions accompanying the Quik-Change V R SiteDirected Mutagenesis Kit (Stratagene) and were confirmed by sequencing (VBC-Genomics, Vienna, Austria). For the construction of fcyD-gfp driven under the native fcyD promoter, the relevant ORF-3 0 regions (primer pairs 22-23 and 24-25) and the gfp together with AFpyrG (also carrying a Gly-Ala linker amplified from plasmid p1439, primer pair 20-21, Szewczyk et al., 2006) were first inserted in the pGEM-T vector. The fusion cassette was amplified using primers 22 and 25. The deletion cassettes of the fcyAD, fcyCD, fcyDD and fcyED strain were amplified from purchased material from the Fungal Genetics Stock Center (http://www.fgsc.net/; Project grant GM068087, PI: J. Dunlap). For the construction of multiple fcyD mutants the fcyB ORF was deleted in the strains already carrying other fcy deletions using a cassette constructed by sequential cloning of the relevant fragments into pGEM-T vector (primer pairs 5-6, 7-8 and 9-10). Oligonucleotides used for site-directed mutagenesis, cloning or diagnostic purposes are also listed in Table S2 .
Total protein extraction and western blot analysis
Cultures for total protein extraction were grown in MM supplemented with urea at 258C for 16 h. Total protein extraction was performed as previously described (Apostolaki et al., 2012; Galanopoulou et al., 2014 
Kinetic analysis
The kinetic analysis was performed as recently described in detail in Krypotou and Diallinas (2014 21 ) uptake was assayed in A. nidulans conidiospores germinating for 3.5-4 h at 378C, at 130-150 rpm, in liquid MM supplemented with 1% (wt/vol) glucose as a carbon source and urea or nitrate as a nitrogen source, pH 6.8. The conidiospores were collected by centrifugation and resuspended in fresh MM at a concentration of 10 7 conidiospores/100 lL. Initial velocities were measured by incubation with concentrations of 0.1 lM of labeled substrate at 378C. The time of incubation was defined through time-course experiments and the period where each transporter showed linear increased activity was chosen respectively. Apparent K m/i and V m values were obtained using labelled substrates at 0.1 lM in the presence of various concentrations (0.5-1000 lM) of nonlabelled substrates. V m values were determined from the initial uptake rate plotted against substrate concentrations and are expressed at a concentration of 10 7 conidiospores. V, however, is contingent to the exact conditions of the experiment given that the absolute quantity of transporter inserted in the plasma membrane depends on growth conditions and is also under developmental control. Reactions were terminated with addition of equal volumes of ice-cold MM containing excess (1 mM) of nonradiolabelled substrate. Background counts are subtracted from the values obtained in a strain lacking the relevant transporter. The proton uncoupler carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was used at final concentration of 30 lM. All transport assays were carried out in at least three independent experiments, with three replicates for each concentration or time point. Standard deviation was <20%. Kinetic values were analysed using the GraphPad Prism software (http://www.graphpad. com/scientific-software/prism/). 
Epifluorescence microscopy
Samples for epifluorescence microscopy were prepared as previously described (Evangelinos et al., 2016) . In brief, germlings incubated in liquid MM supplemented with NaNO 3 as nitrogen source for 16-18 h at 258C, were observed on a Zeiss Axio Observer Z1 inverted epifluorescent microscope and the resulting images were acquired with a with an AxioCam HR R3 camera using the Zen lite 2012 software. Image processing, contrast adjustment and color combining were made using the Adobe Photoshop CS4 Extended version 11.0.2 software or the ImageJ software.
Homology modeling
To construct the 3D model of FcyD (AN6783; http://www. aspgd.org/) we used as template, the theoretical structure of FcyB already published by our group (Krypotou et al., 2012) . ClustalW was chosen for sequence alignment as implemented on Schr€ odigner Prime 3.7 (Prime, version 3.7, Schr€ odinger, LLC). The protein was additionally prepared for docking calculations using the Protein Preparation Workflow (Schr€ odinger Suite 2015 Protein Preparation Wizard) implemented in the Schr€ odinger suite and accessible from within the Maestro program (Maestro, Version 10, Schr€ odinger, LLC, NY, 2015). Briefly, hydrogen atoms were added, and the orientation of hydroxyl groups, Asn, Gln and the protonation state of His were optimized to maximize hydrogen bonding. Finally, the ligand-protein complex was refined with a restrained minimization performed by Impref utility that is based on the Impact molecular mechanics engine (Impact Version 6.6, Schr€ odinger, LLC, NY, 2015) and the OPLS2001 force field, setting a max root mean square deviation of 0.30 Å .
Induced fit docking
Molecular docking calculations were performed using the IFD protocol (Sherman et al., 2006a (Sherman et al., , 2006b (Induced Fit Docking protocol 2015 -2, Glide version 6.4, Prime version 3.7, Schr€ odinger, LLC, 2015 , which is intended to circumvent the inflexible binding site and accounts for the sidechain or backbone movements, or both, upon ligand binding. The protein has been prepared using the Protein Preparation Wizard as implemented in Maestro v.10.1. In the first stage of the IFD protocol, softened-potential docking step, 20 poses per ligand were retained. In the second step, for each docking pose, a full cycle of protein refinement was performed, with Prime 3.7 (Prime, version 3.7, Schr€ odinger, LLC) on all residues having at least one atom within 8 Å of an atom in any of the 20 ligand poses. The Prime refinement starts with a conformational search and minimization of the side-chains of the selected residues and after convergence to a low-energy solution, an additional minimization of all selected residues (side chain and backbone) is performed with the truncated-Newton algorithm using the OPLS parameter set and a surface Generalized Born implicit solvent model. The obtained complexes are ranked according to Prime calculated energy (molecular mechanics and solvation), and those within 30 kcal mol 21 of the minimum energy structure are used in the last step of the process, redocking with Glide 6.4 (Glide, version 6.4, Schr€ odinger, LLC, 2015) using standard precision and scoring. In the final round, the ligands used in the first docking step are re-docked into each of the transporter structures retained from the refinement step. The final ranking of the complexes is done by a composite score which accounts for the transporter-ligand interaction energy (GlideScore) and solvation energies (Prime energy).
